Background: Because of unique exposures, studies among farmers may yield insights into the relationship between allergies and non-Hodgkin lymphoid (NHL) neoplasms. We evaluated farm characteristics, allergic symptoms and conditions, and risk of NHL including specific subtypes in the Agricultural Health Study, a prospective cohort of farmers and spouses from North Carolina and Iowa.
Introduction
In recent years, there is growing evidence that the immune response to allergens differs between individuals growing up, living, or working on farms and those in urban areas (1). Farmers and their families are often highly exposed to various allergens including storage mites, proteins from domesticated animals or specific crops (grains, hay, or soybeans), and grass or tree pollens (2) , and often at an early age. Multiple studies have demonstrated that living on a farm, particularly during childhood, is associated with a lower prevalence of allergic sensitization and allergic rhinitis that appears to persist into adulthood (1, [3] [4] [5] [6] [7] , including one such report among female spouses in the Agricultural Health Study (AHS; ref. 8) . It has been postulated that early childhood microbial exposures may influence the likelihood of atopic conditions later in life through several possible mechanisms, including persistent effects on T-helper type 1 and type 2 (Th1/Th2) balance, enhanced regulatory T (Treg) activity, and increased production of the anti-inflammatory cytokine IL10 (7, 9, 10) .
Conditions and treatments involving severe immune dysregulation (e.g., AIDS, organ transplantation) are strong risk factors for non-Hodgkin lymphoid (NHL) neoplasms, although the role of more subtle immunologic effects in lymphomagenesis is less well understood (11) . Having a history of allergic conditions has been associated with a reduced risk of NHL in several large case-control studies (12) (13) (14) . However, results from prospective general population cohort studies have been inconsistent, with some finding no association between allergies and NHL (13, 15) and others observing an increased risk in certain population subgroups or for specific subtypes of hematologic malignancies (16) (17) (18) . Notably, a recent cohort study found a reduced risk of lymphoid neoplasms in relation to allergic diseases among those living in rural areas, but not among those in urban areas (18) .
We are unaware of any studies that have evaluated the associations between specific farm-related allergen exposures, allergic symptoms or conditions, and risk of NHL. We conducted such an investigation within the AHS, a large prospective cohort that includes farmers and their spouses in Iowa and North Carolina.
Materials and Methods

Study population
The design of the AHS has been described (19) . Briefly, 52,394 private pesticide applicators (farmers) and 32,345 of their spouses were enrolled in Iowa and North Carolina between 1993 and 1997. The farmers were recruited and completed an enrollment questionnaire while attending mandatory certification sessions for applying restricted use pesticides. A subset of farmers completed and mailed in another "take-home" questionnaire designed to solicit more detailed information about certain exposures and health conditions. Spouses enrolled by completing and returning a questionnaire that was sent home with the farmers. For this analysis, we excluded 1,956 participants with a history of cancer at enrollment (1,045 farmers and 911 spouses), 119 participants who were under 18 years of age at enrollment (117 farmers and 2 spouses), and 294 participants living outside Iowa or North Carolina at the time of enrollment (181 farmers and 113 spouses). This left 82,370 participants for the overall analyses and 52,850 participants for the analyses restricted to spouses (N ¼ 31,319) and farmers who completed the take-home questionnaire (N ¼ 21,531).
The study protocol was approved by the Institutional Review Boards of the NIH (Bethesda, MD) and other relevant institutions.
Characterization of farm exposures and allergies
Information about farm exposures and allergic symptoms and conditions was ascertained from the enrollment and take-home questionnaires (available from: http://aghealth.nih.gov). On the enrollment questionnaire, farmers were asked about current crops and animals on the farm. We used these data to characterize exposures to common crops (e.g., grains or hay, soybeans) and the type and number of livestock and poultry for both the farmers and their spouses. At enrollment, farmers were asked whether they handled stored grain or hay at least once per year. On the farmer take-home and the spouse questionnaires, participants were asked whether they had symptoms of rhinitis (stuffy, itchy, or runny nose) or viral/infectious conditions that produce nasal symptoms (e.g., cold, flu, sinusitis, or sinus problems) in the past 12 months. Those who reported having rhinitis were asked to specify the number of episodes in the past 12 months and whether symptoms worsened after working with grains and hay. The farmer take-home and spouse questionnaires also included questions about history of atopic conditions (hay fever, eczema) diagnosed by a physician, and whether the participant grew up on a farm (defined as having spent half of their life up to 18 years of age living on a farm). The wording of the questions on rhinitis, atopic conditions, and growing up on a farm is provided in Supplementary Table S1. All participants were asked to provide other information including a history of cancer in first-degree relatives, alcohol consumption, smoking history, and height and weight.
Cohort follow-up and case ascertainment
Incident cases of NHL were identified through the Iowa and North Carolina state cancer registries and vital status was determined through state mortality registries and the National Death Index. Observation time began at enrollment (the date that the questionnaire was completed) and ended when the participant was diagnosed with any cancer, died, moved out of state, or when follow-up ended (December 31, 2011 in Iowa and December 31, 2010 in North Carolina), whichever came first. NHL and the following B-cell subtypes were defined according to the classifications proposed by the Pathology Working Group of the International Lymphoma Epidemiology Consortium (20) : diffuse large B-cell lymphoma (DLBCL), follicular lymphoma (FL), chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL), and multiple myeloma.
Statistical analysis
Analyses were conducted for overall NHL risk and risk of specific NHL subtypes as defined above. HRs and 95% confidence intervals (CI) were estimated using Cox proportional hazards regression, with attained age as the underlying time metric. The proportional hazards assumption was met for all analyses (P > 0.05). All analyses were performed using a base model adjusting for sex, state of residence (Iowa, North Carolina), race (nonHispanic white, other/missing), family history of lymphohematopoietic malignancies (no, yes, missing), alcohol consumption (none, <5 drinks/month, 5 drinks/month, missing), smoking status (never, former, current, missing), and body mass index (<25 kg/m 2 , 25-29.9 kg/m 2 , 30 kg/m 2 , missing). Analyses of rhinitis were further adjusted for viral/infectious conditions that produce nasal symptoms (cold, flu, and sinusitis or sinus problems) and for growing up on a farm. For the main analyses of growing up on a farm, we reported the results without adjustment for rhinitis (because childhood farm exposure could possibly influence NHL risk through its immunomodulatory effects on allergic disease development); however, analyses adjusting for rhinitis were also performed. We assessed trends for ordered categorical variables (coded as 0, 1, 2) using Wald tests. To evaluate multiplicative interaction between the main exposures of interest, we performed Wald tests assessing the joint significance of specific cross-product terms. We also performed the main analyses separately for farmers and spouses and by state of residence (Iowa or North Carolina), and repeated the analyses using a 10-year lag period after enrollment. Analyses of specific NHL subtypes (DLBCL, FL, CLL/SLL, and multiple myeloma) were repeated using polytomous logistic regression models adjusting for the same set of covariates to assess heterogeneity in the risk estimates across subtypes.
All statistical analyses were performed using Stata version 11.0 (StataCorp). Findings were considered statistically significant if two-sided P values were <0.05.
Results
Baseline characteristics of the overall cohort and the subset of farmers and spouses with information on allergies and childhood farm exposure are reported in Table 1 Among the farmers and spouses included in this investigation, 81% worked or lived on farms growing grains or hay and 68% on farms growing soybeans; 63% raised livestock and 9% raised poultry; and 75% of farmers reported handling stored grains or hay at least once per year (Table 2) . Among the farmer take-home questionnaire respondents and the spouses, 73% grew up on a farm (92% of farmers and 60% of spouses) and 65% experienced rhinitis at baseline in the last 12 months (67% of farmers and 63% of spouses; Table 3 ). The prevalence of rhinitis was modestly lower among those who grew up on a farm (64% vs. 67%, P < 0.001), and was significantly higher among the farmers who handled stored grains or hay compared with those who did not (69% vs. 60%, P < 0.001; Supplementary Table S2) . Associations with NHL for selected crop and animal exposures are summarized in Table 2 . Farmers and spouses on farms growing grains/hay or soybeans had a modestly reduced risk of NHL overall, although only soybeans reached statistical significance (HR, 0.80; 95% CI, 0.67-0.96). We also observed a reduced risk of NHL among those on farms raising 50 poultry (HR, 0.61; 95% CI, 0.38-0.96). Among farmers, those who handled stored grains or hay had a statistically significantly reduced risk of NHL compared with those who did not (HR, 0.66; 95% CI, 0.52-0.82). These findings did not differ by NHL subtype (P het 0.10; Supplementary Table S3) .
As summarized in Table 3 , we observed a reduced risk of NHL among those who reported rhinitis at baseline (HR, 0.63; 95% CI, 0.51-0.79), and an increased risk of NHL among those who grew up on a farm (HR, 1.51; 95% CI, 1.15-1.98). These associations remained unchanged after restricting to NHL cases diagnosed at least 10 years after enrollment (rhinitis: HR, 0.57; 95% CI, 0.43-0.75; growing up on a farm: HR, 1.52; 95% CI, 1.01-2.28). After further adjustment for rhinitis, the association between growing up on a farm and risk of NHL was largely unchanged (HR, 1.44; 95% CI, 1.09-1.89). The inverse association between allergy symptoms and NHL risk was stronger among those who reported more frequent episodes of rhinitis in the last 12 months (3 episodes: HR, 0.59; 95% CI, 0.46-0.77; P trend < 0.001). Having a history of physician-diagnosed hay fever or eczema was also associated with a reduced risk of NHL (HR, 0.61; 95% CI, 0.42-0.87). These findings were generally similar for farmers and spouses, although few farmers were not raised on a farm (N cases ¼ 14). Results were consistent for participants in Iowa and North Carolina (Supplementary Table  S4) , and further adjustment for specific crops and animals and exclusion of records with missing covariate data did not change these results (data not shown). For specific NHL subtypes (Table  4) , we observed statistically significant inverse associations with rhinitis for CLL/SLL (HR, 0.62; 95% CI, 0.40-0.97) and multiple myeloma (HR, 0.50; 95% CI, 0.30-0.83) but not for DLBCL (HR, 0.82; 95% CI, 0.51-1.33) or FL (HR, 0.69; 95% CI, 0.39-1.22); differences in risk estimates were not statistically significant (P het ¼ 0.56). For growing up on a farm, the risk estimates for specific NHL subtypes ranged from 1.51 to 1.83 (P het ¼ 0.98), although none of the subtype-specific findings achieved statistical significance. In Table 5 , we observed stronger inverse associations with overall NHL risk among those who had allergy symptoms and did not grow up on a farm (HR, 0.47; 95% CI, 0.33-0.69) and among those whose allergy symptoms worsened after working with grains or hay (HR, 0.58; 95% CI, 0.43-0.78; P trend < 0.001). In joint analyses with crop and animal exposures, the reduction in NHL risk was generally greatest among those who had rhinitis in combination with specific farm exposures, although tests of interaction with these exposures were not statistically significant (P interaction 0.14).
Discussion
Numerous studies have demonstrated that farm exposures, particularly during early childhood, may be associated with a reduction in allergic disease development (1, 3-8) . However, whether such exposures or their resulting allergy-related immunomodulatory effects influence NHL development remains poorly understood, and the relationship between allergies or exposure to allergens in the agricultural environment and risk of NHL among individuals growing up, living, and/or working on farms needs further evaluation. This is, to our knowledge, the first prospective study to investigate allergic symptoms and conditions and risk of NHL in an adult farming population. We found that future risk of NHL was decreased among individuals reporting allergy symptoms at baseline, in particular for CLL/SLL and multiple myeloma; these findings support the hypothesis that altered immunologic response to allergens may play a role in the etiology of lymphoid malignancies (11) . We also observed an increased risk of NHL among those who grew up on a farm, which is consistent with one prior report on hematologic cancer mortality in New Zealand (21) . Given that early life farm exposures have been linked to a reduced burden of allergic disease that persists into adulthood, we speculate that the allergy-suppressive immunomodulatory effects of early life farm exposures might underlie this association with NHL risk. In support of this, we note that individuals who had allergy symptoms and did not grow up on a farm had the lowest risk of developing NHL.
Reduced risks of NHL were also observed for some farming exposures in adulthood, particularly for handling stored grains or hay, an activity that is likely to involve substantial exposure to allergens and other microbial products (2, 22) . Growing soybeans and raising 50 poultry were also associated with reduced NHL risk. In a previous report among male farmers in the AHS (23), raising poultry was associated with an increased risk of NHL (N ¼ 23 exposed cases), although there was not increased risk with larger flock sizes. An older definition of NHL that did not include multiple myeloma or most CLL/SLL cases was used in the previous investigation; when we repeated our analyses using the same definition, risk was modestly elevated among male poultry farmers, although no longer statistically significant with additional years of follow-up (N ¼ 33 exposed cases, HR, 1.3; 95% CI, 0.9-1.9).
There is some evidence of a protective effect of occupational allergen exposures (estimated by job-exposure matrices) in casecontrol studies of lymphoma, although these studies were not focused specifically on allergens in the farm environment. Two studies reported a reduced risk of lymphoma among those with occupational allergen exposures (24, 25) , although a previous investigation in Spain found no association (26) . These studies did not assess the relationship between allergy symptoms and lymphoma.
A number of large case-control studies have reported inverse associations between atopic conditions and NHL (11) (12) (13) (14) , and levels of specific immunoglobulin classes (including IgE) are reduced among patients with NHL (27) . Findings from cohort studies in the general population have been inconsistent, although the definitions of allergies and NHL/subtypes varied between studies (13, (15) (16) (17) (18) . In a nested case-control study within the Finnish Maternity Cohort (13), risk of NHL was reduced in relation to specific IgE seropositivity in samples collected shortly before NHL diagnosis but not in samples collected 10 years before diagnosis. A history of physiciandiagnosed allergic conditions (including asthma, hay fever, and other allergies) was not associated with risk of NHL in the Multiethnic Cohort (16), and there was no evidence of increased mortality from NHL or multiple myeloma among The reported frequencies may not sum to the total number of study subjects due to missing data. b Age as underlying time metric, with adjustment for sex, state of residence, race, family history of lymphohematopoietic cancer, alcohol consumption, smoking status, BMI, viral/infectious conditions (common cold, sinusitis, and influenza), and growing up on a farm.
those with a history of physician-diagnosed hay fever in the Cancer Prevention Study II (15) . In the Vitamins and Lifestyle cohort (17) , self-reported plant, tree, or pollen allergies at baseline were associated with increased future risk of mature B-cell neoplasms (excluding CLL/SLL and multiple myeloma). Consistent with our findings, a recent report from the Iowa Women's Health Study found that self-reported allergic diseases were associated with a reduced risk of lymphoid neoplasms among those living in rural areas; no association was observed among residents in urban areas (18) . The mechanisms through which allergies and growing up on a farm may influence NHL risk remain unclear. It is possible that in our study population, the presence of allergy-related symptoms may possibly reflect an activated immune response that might promote immune surveillance and a heightened response to tumor-specific antigens (28) . Alternately, as has been suggested previously (13) , it is possible that suppression of the allergic response may be a prodromal effect of as-yet undiagnosed NHL. The fact that the inverse association between allergy symptoms and NHL persisted after restricting to NHL cases diagnosed 10 or more years after ascertainment of rhinitis suggests reverse causation is unlikely to explain our findings. However, we cannot exclude the possibility of prodromal effects very early in the disease process for slowly progressing tumors.
The farming background of the AHS participants provides a unique opportunity to investigate the relationships between specific allergen-related exposures, allergies, and risk of NHL. Other strengths include a prospective design; the large number of participants with detailed baseline information on crop and animal exposures, allergic symptoms and conditions, and potential confounding factors; and the identification of incident NHL cases through linkage with state cancer registries. This study also has limitations. We used self-reported information to characterize current crop and animal exposures and allergy symptoms in the last 12 months at the time of enrollment. These data may not reflect the lifetime history of these exposures and symptoms, and may be subject to error. Because of the prospective design of our study, we would expect any exposure misclassification to generally be nondifferential between NHL cases and non-cases, which would likely result in attenuated risk estimates. The misclassification of crop and animal exposures among spouses might be greater than among the farmers because this information was obtained from the farmer enrollment questionnaire, which would make it more difficult to detect an association among spouses. Although it is unknown whether spouses had direct crop/animal contact, they were presumably exposed to allergens through living on the farm because of opportunities for indirect exposure. We evaluated the results separately for farmers and spouses, and findings were generally similar ( Table 2) .
The lack of clinical measures of atopy and our reliance on selfreport of allergic symptoms are potential limitations of our study. However, a previous investigation in a subset of male farmers in the AHS observed a lower prevalence of atopy (based on total IgE in serum) compared with demographically similar participants in the National Health and Nutrition Examination Survey (29) . Previous studies in the general population (30, 31) have characterized self-reported allergic symptoms using nonstandardized questions and varying definitions. Although IgE measurements were not available for our analyses of NHL risk, we note that stronger associations with NHL were observed among those who reported more frequent episodes of symptoms in the last 12 months at baseline, and all analyses were adjusted for viral/ infectious conditions that produce nasal symptoms. Although some (but not all) previous studies assessed NHL risk in relation to self-report of physician-diagnosed allergic diseases, many individuals with allergic symptoms may not receive a diagnosis of allergies because symptoms can be managed without medical professional intervention. Thus, self-report of allergic symptoms may provide a more complete assessment of allergies than medical records (30) .
Finally, we note that there were a relatively small number of cases of specific NHL subtypes. Although the differences in risk estimates across NHL subtypes were not statistically significant, we did observe suggestive evidence of NHL subtype specificity in some analyses that may warrant further evaluation in future studies.
In summary, our findings of inverse associations with NHL for allergy symptoms and certain farming activities (e.g., handling stored grains/hay) and a positive association with growing up on a farm suggest that the host immune response to allergen exposures in the farm environment may influence risk of NHL. Confirmation of these findings in other prospective cohorts of farming populations is warranted. In particular, it will be important to characterize risk of NHL and NHL subtypes in relation to specific allergic hypersensitivities and immune responses, to evaluate specific farm-related allergen exposures, and to determine the relevance of the timing of these exposures Case frequencies do not sum to the total number of NHL cases due to missing exposure data and the exclusion of T-cell and some types of B-cell malignancies from the subtype-specific analyses. b Tests of heterogeneity across subtypes were performed using polytomous logistic regression models adjusted for the same set of covariates that were included in the main analyses.
